Aims/hypothesis Despite advances in pharmacological treatments, diabetes with hypertension continues to be a major public health problem with high morbidity and mortality rates. We recently identified a circulating peptide coupling factor 6 (CF6), which binds to the plasma membrane ATP synthase (ecto-F 1 F o complex), resulting in intracellular acidosis. We investigated whether overexpression of CF6 contributes to diabetes and hypertension by intracellular acidosis. Methods Transgenic mice overexpressing CF6 (also known as ATP5J) were generated, and physiological, biochemical and molecular biology studies were performed. Results CF6 overexpression elicited a sustained decrease in intracellular pH in tissues (aorta, kidney, skeletal muscle and liver, with the exception of adipose tissue) that express its receptor, the β-subunit of ecto-F 1 F o complex. Consistent with the receptor distribution, phospho-insulin receptor β, phosphoinositide 3-kinase activity and the phospho-Akt1: total Akt1 ratio were all decreased in the skeletal muscle and the liver in transgenic compared with wild-type mice, resulting in a decrease of plasma membrane-bound GLUT4 and an increase in hepatic glucose production. Under a high-sucrose diet, transgenic mice had insulin resistance and mild glucose intolerance; under a high-salt diet, they had elevated blood pressure with increased renal RASrelated C3 botulinum substrate 1 (RAC1)-GTP, which is an activator of mineralocorticoid receptor. Conclusions/interpretation Through its action on the β-subunit of ecto-F 1 F o complex, which results in intracellular acidosis, CF6 plays a crucial role in the development of insulin resistance and hypertension. This finding might advance our understanding of the mechanisms underlying diabetes and hypertension, possibly also providing a novel therapeutic target against cardiovascular disease.
Introduction
In ATP synthase (F 1 F o complex), the molecular rotary motor F 1 -ATPase rotates in an anticlockwise direction to hydrolyse ATP [1] , whereas its partner motor F o , which is embedded in an inner membrane, rotates in a clockwise direction by a proton flux (Fig. 1a) . In the mitochondria, F o forces F 1 to rotate backwards (clockwise), leading to ATP synthesis (Fig. 1b) [2] . In the plasma membrane, where the free energy of ATP hydrolysis is greater, F 1 forcefully hydrolyses ATP and inversely rotates F o to pump protons in the opposite direction, leading to intracellular acidosis (Fig. 1c) [3] . The presence of plasma membrane ATP synthase (ecto-F 1 F o complex) has been reported in several types of cells and its novel functions have been disclosed [3] [4] [5] [6] . In hepatocytes, ecto-F 1 F o complex simulation by apoprotein A-I triggers the endocytosis of holo-highdensity lipoprotein particles by a mechanism that depends on the generation of ADP [4] . In endothelial cells, the interaction of the β-subunit of the F 1 motor with angiostatin attenuates ATP generation and angiogenesis [5, 6] . The ecto-F 1 F o complex acts as receptors for lipid uptake and angiogenesis, but its ligands and functions are not fully understood. We recently identified a circulating peptide coupling factor 6 (CF6) as a novel ligand for the ecto-F 1 F o complex; after binding to protrusive F 1 , CF6 forces F o to rotate backwards, thereby stimulating the proton-importing transporter at the plasma membrane [3] .
Protons regulate cellular function by modulating the charge and structure of macromolecules. Proton-extruding and -importing transport proteins underlie pH homeostasis. Intracellular acidosis from a steady-state value of around 7.2 occurs during pathophysiological conditions such as ischaemia and, in the heart, leads to acute contractile depression, distortion of intracellular Ca 2+ signalling and the triggering of electrical arrhythmia [7, 8] . A decline of cardiac intracellular pH by no-flow ischaemia impairs tyrosine phosphorylation of the insulin receptor and activation of downstream components [9] . Extracellular acidosis causes a sustained contractile response in isolated aortas from spontaneously hypertensive and control normotensive rats [10] . Intracellular acidosis increases constrictor tone, in association with simultaneous increases in cytosolic free Ca 2+ , as reported in barnacle and frog muscle fibres [11, 12] . We and others, moreover, have demonstrated that plasma levels of CF6 were increased in patients with hypertension and diabetes [13, 14] . Overall, the above suggests that CF6 might contribute to diabetes and hypertension by intracellular acidosis.
Despite advances in pharmacological treatments, diabetes with hypertension continues to be a major public health problem with high morbidity and mortality rates. Here, we show that chronic stimulation of the ecto-F 1 F o complex by CF6 overexpression triggers activation of RAS-related C3 botulinum substrate 1 (RAC1), a member of the Rho family GTPases, in the kidney; via sustained intracellular acidosis, it also triggers inhibition of tyrosine phosphorylation of the insulin receptor and downstream components in skeletal muscle and liver. These findings might advance our understanding of mechanisms underlying diabetes and hypertension, and also provide a novel therapeutic target against cardiovascular disease.
Methods
Construction of vectors and generation of CF6-overexpressing transgenic mice A gene for the secretion signal of human calcitonin was fused to a gene for the mature ATP synthase CF6 (Asn 33-Ala 108). The fused gene was subcloned into pNE plasmid, in which the β-globin promoter of pdKCRdhfr plasmid was replaced by human elongation factor-1α promoter. The resultant recombinant plasmid was digested with PvuII and Aor51HI to generate a 2.8 kb DNA fragment consisting of the human elongation factor 1 alpha promoter, the secretion signal-CF6 fused gene and the SV40 polyA additional sequence. The DNA fragment was then micro-injected into the pronuclei of single-cell fertilised mouse embryos to generate transgenic mice. Using COS cells, we confirmed that the protein produced was released outside the cells as mature human CF6 (Asn33-Ala108). CF6 transgenic mice and wild-type littermate mice C57BL/6J (Japan Cler, Tokyo, Japan) were maintained on standard rat chow with free access to water.
Cell culture The mouse skeletal muscle cell line C2C12 and human hepatocyte cell line HepG2 (both from American Type of Cell Culture, Manassas, VA, USA) were cultured in DMEM supplemented with 10% (vol./vol.) fetal bovine serum.
Diet study Mice were fed normal chow until the age of 11 weeks, followed by a high-salt diet (8% [wt/wt] salt; Oriental Yeast, Tokyo, Japan) or a high-sucrose diet (AIN-93G, 20% [wt/wt] sucrose; Oriental Yeast, Tokyo, Japan). The composition of the high-sucrose diet was 7% (wt/wt) safflower oil, 20% (wt/wt) casein, 20% (wt/wt) sucrose, 5% (wt/wt) cellulose, (3.5%) wt/wt mineral mixture and 1% (wt/wt) vitamin mixture.
Blood pressure measurement Systolic and diastolic arterial blood pressure was measured by the tail-cuff method in conscious mice, using a Softron BP-98A (Softron, Tokyo, Japan). Blood pressure was measured ten times per day for four consecutive days and a mean value was generated for each individual mouse.
Glucose tolerance test Glucose tolerance tests using 2 mg/g (glucose per body weight) were conducted in mice that had been fasted for 12 h. The plasma was sampled from the tail vein before, and at 0.5, 1.0 and 1.5 h after oral administration of glucose; quantification was done with a glucometer (Abbott Diabetes Care, Tokyo, Japan). Insulin was measured by sandwich ELISA kits (Crystal Chem, Downers Grove, IL, USA).
Sampling from portal vein Under anaesthesia (ketamine 75 mg/kg, xylazine 7.5 mg/kg), the abdomen was opened through a midline incision and the portal vein and inferior vena cava identified. Blood samples were obtained simultaneously from the portal vein and inferior vena cava using a 28-gauge needle and glucose levels determined with a glucometer.
Intraperitoneal injection of drugs Amiloride, an inhibitor of proton-extruder Na + -H + exchangers, or an anti-CF6 antibody was injected intraperitoneally for 2 or 3 consecutive days at 50 mg/kg or 113 μg/kg, respectively.
Measurement of intracellular pH
31 P-Magnetic resonance spectroscopy (MRS) of the femoral skeletal muscle and the liver was performed using the 4.7 T JASTEC (Tokyo, Japan) horizontal magnet with the mouse in a supine position and a coil (20 mm surface diameter) under the muscle and the liver. Spectra were acquired using a 0.5 s repetition time and 50 μs pulse width. Relative concentrations of inorganic phosphate and phosphocreatinine (PCr) were obtained using a time-domain fitting routine and corrected for partial saturation. Intracellular pH was calculated from the chemical shift of the Pi peak relative to PCr (δPi), measured in ppm, using the equation: pH ¼ 6:75 þ log½ðdPi À 3:27Þ=ð5:69 À dPiÞ. Intracellular pH in the cultured cells was measured using BCECF-AM (Molecular Probes, Eugene, OR, USA) with a luminescence spectrophotometer (Shimazu 5000; Shimazu, Tokyo, Japan). RAC1-GTPase activation assay RAC1-GTP levels were determined using a pull-down assay kit (STA-405; Cell Biolabs, San Diego, CA, USA).
Measurement
Measurement of insulin signalling in tissue Phosphoinsulin receptor β (Tyr1150/1151), phospho-IRS-2 (panTyr), total Akt1 and phospho-Akt1 (ser 473) were measured by sandwich ELISA kits (Cell Signaling Technology, Danvers, MA, USA). IRS-1, GLUT4 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were measured by western blot analysis using anti-IRS-1 and anti-GLUT4 antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA). G6pase (also known as G6pc) and Pepck (also known as Pck1) were measured by RT-PCR. Phosphoinositide 3-kinase (PI3K) activity in the lysates was evaluated using a PI3K ELISA kit (K1000; Echelon Biosciences, Salt Lake City, UT, USA). The plasma membrane of the muscle was obtained as in Stuart et al. [15] and checked by cadherin.
Measurement of insulin signalling in cultured cells
Phosphorylation of c-Src (tyrosine), 3-phosphoinositidedependent kinase-1 (PDK-1) (tyrosine 9) and IRS-1 (serine 307) in C2C12 cells was analysed by western blotting using anti-phospho-cSrc, anti-phospho-PDK-1 and anti-IRS-1 antibodies (Cell Signaling). Tsc1 and Tsc2, as well as Mtor and S6k (also known as Rps6kb1) were measured by realtime RT-PCR according to the protocol supplied with the kit (TaqMan Gold RT-PCR; Applied Biosystems, Foster City, CA, USA). Cultured C2C12 cells and HepG2 cells were incubated for 45 min in pH-indicated HEPES-buffered solution at 37°C and under 5% CO 2 , after which insulin at 1×10 −4 mol/l was added. After 15 min, cells were lysed by lysis buffer and phospho-insulin receptor β (Tyr1150/1151) was measured by sandwich ELISA kits (Cell Signaling).
Histological analysis of the endocrine pancreas Isolated pancreas was processed for paraffin embedding, and 2 μm sections were cut and mounted on glass slides. Images of pancreatic tissue and islets were captured on a computer through a microscope connected to a camera (Olympus, Tokyo, Japan).
Statistical analysis and ethical considerations Results are expressed as mean±SEM. Differences between groups were examined for statistical significance using Student's t test or ANOVA with Bonferroni's test. The experimental protocol was approved by the Ethics Committee for Animal Experimentation of Hirosaki University School of Medicine.
Results
Characterisation of CF6-overexpressing transgenic mice The introduced CF6 gene was expressed in all tissues due to use of human elongation factor 1α promoter, the level being equivalent to that of endogenous mouse Cf6 expression in the aorta, pancreas, liver, skeletal muscle and adipose tissue (Fig. 2a) . In parallel with a twofold increase in gene expression, the plasma level of total (human plus mouse) CF6, assessed by western blot analysis, was two times higher in transgenic than in wild-type mice (Fig. 2b ). The H in tissue and animal groups as indicated; n=4; *p<0.05 vs wild-type (each organ). f MRS in skeletal muscle and (g) liver; n=4; *p<0.05 vs wild-type. h Systolic blood pressure in transgenic and wild-type mice on a normal-or high-salt diet; n=10; *p<0.05 vs wild-type; † p<0.05. Ab, anti-CF6 antibody (113 μg/kg). i RAC1-GTP and total RAC1 in the kidney of transgenic and wild-type mice, with effects of extracellular acidification (pH 5.5) and amiloride at 10 −3 mol/l on RAC1 activation. n=5; *p<0.05 vs wild-type or pH 7.4 plasma level of human CF6 related to the introduced gene was 6.98±0.46 ng/ml in transgenic mice (Fig. 2c ). We and others had previously reported that the plasma level of CF6 was increased by twofold in patients with coronary heart disease, hypertension, end-stage renal disease and stroke, compared with that in healthy participants [13, [16] [17] [18] [19] ]. Thus, the plasma level of CF6 in transgenic mice was noted to be increased as compared with wild-type mice to a degree similar to that seen in patients with cardiovascular diseases. With regard to the receptor of CF6, the β-subunit of plasma membrane F 1 F o complex was expressed in the aorta, kidney, skeletal muscle and liver, but not in adipose tissue, and was of similar abundance in transgenic and wild-type mice (Fig. 2d) . Recent evidence has also confirmed that the β-subunit is expressed at the surface of cultured vascular endothelial cells and smooth muscle cells [20, 21] . Consistent with the distribution of ecto-F 1 F o complex, proton uptake at 15 min after injection of 3 Hlabelled water into the intraperitoneal space was increased in the aorta, kidney, skeletal muscle and liver of transgenic compared with wild-type mice (Fig. 2e) . As shown in Fig. 2f , the intracellular pH value measured by 31 P-MRS was decreased in the skeletal muscle of transgenic mice to 6.96±0.03 compared with 7.05±0.02 units in wild-type mice; it was also decreased in liver of transgenic mice, to 7.0±0.04 units compared with 7.16±0.04 unit in wild-type mice (Fig. 2g) . Administration of CF6 to cultured vascular endothelial cells, smooth muscle cells, the mouse skeletal muscle cell line C2C12 and the human hepatocyte cell line HepG2 also confirmed the decrease in intracellular pH measured by a pH-sensitive dye (BCECF-AM). The above changes were all abolished by treatment with efrapeptin, an inhibitor of the F 1 motor (see electronic supplementary material [ESM] Fig. 1 ).
Salt-sensitive hypertension under a high-salt diet Under a normal diet, systolic blood pressure measured by the tail-cuff method in conscious animals was slightly elevated in transgenic mice compared with wild-type littermates (116±2 vs 110±3 mmHg at 15-20 weeks, p<0.05; Fig. 2h ). This is consistent with our previous report that CF6 enhances Ca 2+ signalling in cultured vascular smooth muscle cells and causes vasoconstriction in the mesenteric arteriolar network via c-Src activation [21] . A high-salt diet significantly increased systolic and diastolic blood pressure by 21±3 and 17±3 mmHg, respectively, in transgenic, but not in wildtype mice (p<0.05). Administration of an anti-CF6 antibody at 113 μg/kg for three consecutive days to transgenic mice improved the salt-induced hypertension. Since RAC1, a member of the Rho family GTPases, was recently identified as a determinant molecule for salt-sensitive hypertension via activation of mineralocorticoid receptor [22] , we measured RAC1 activity in the kidney of transgenic mice. Pull-down assays revealed that transgenic mice had more active GTPases than control wild-type mice (Fig. 2i) . We further examined the role of intracellular pH in RAC1 activation by modulating the status with extracellular acidification and administration of an inhibitor of Na + -H + exchanger (amiloride). RAC1-GTP was increased by extracellular acidification and amiloride at 1×10 −3 mol/l in the kidney (Fig. 2i) .
Furthermore, pretreatment with EGTA-AM for 30 min at 1× 10 −6 mol/l did not prevent acidosis-induced RAC1 activation (Fig. 2i) . Thus, intracellular acidosis induced by interaction between CF6 and the ecto-F 1 F o complex seems to cause saltsensitive hypertension in mice.
Insulin resistance under a high-sucrose diet Next, to investigate the role of activation of the ecto-F 1 F o complex in glucose catabolism, transgenic mice at the age of 11 weeks were fed a high-sucrose diet for 8 weeks. The trend of body weight change was similar between transgenic and wild-type mice under the high-sucrose diet (Fig. 3a) . However, the plasma glucose concentration was higher in transgenic than in wild-type mice from 4-8 weeks after initiation of the highsucrose diet (Fig. 3b) . At 8 weeks of high-sucrose diet, plasma glucose and insulin levels in animals fasted for 12 h were increased in transgenic compared with wild-type mice (glucose 7.38±0.55 vs 5.99±0.06 mmol/l, insulin 120±15 vs 51±9 pmol/l, p<0.05 for both), suggesting that transgenic mice developed insulin resistance. In the glucose tolerance test, plasma glucose was higher up to 1.50 h (p<0.05, twoway ANOVA; Fig. 3c ), while insulin levels at baseline and at 1 h were twofold higher in transgenic than in wild-type mice (112±13 vs 51±9 pmol/l and 192±20 vs 69±9 pmol/l, p< 0.05 for both; Fig. 3d ). Hepatic glucose release, which was evaluated by the increase of plasma glucose between portal vein and inferior vena cava, was enhanced in transgenic mice (Fig. 3e) . We further investigated the role of tissue acidosis in the genesis of insulin resistance and glucose intolerance by modulating the extent of intracellular acidosis using amiloride and an anti-CF6 antibody. Intraperitoneal administration of amiloride, an inhibitor of proton-extruder Na + -H + exchangers, at 50 mg/kg for 2 days worsened the plasma glucose level (Fig. 3f) . In contrast, administration of an anti-CF6 antibody at 113 μg/kg for 3 consecutive days improved the plasma glucose level (Fig. 3g) . These results are compatible with the hypothesis that tissue acidosis may be related to the genesis of insulin resistance and glucose intolerance. Overall, intracellular acidosis by interaction between CF6 and the ecto-F 1 F o complex seems to underlie the molecular mechanisms of salt-sensitive hypertension and insulin resistance.
Molecular mechanism for the genesis of insulin resistance
Next we investigated the molecular mechanism for the genesis of insulin resistance by evaluating proteins related to insulin signalling. Phospho-insulin receptor β (Tyr1150/1151) was decreased in skeletal muscle and liver of transgenic compared with wild-type mice, but was of similar abundance in adipose tissue (Fig. 4a) . IRS-1 was decreased by 64±9% in transgenic compared with wild-type mice in skeletal muscle (n=5, p<0.05), while phospho-IRS-2 (panTyr) was decreased in liver of transgenic compared with wild-type mice (Fig. 4b,c) . Consistent with impairment of upstream signalling, PI3K activity and the ratio of phospho-Akt1 (ser 473) to total Akt1 were both decreased in skeletal muscle and liver of transgenic compared with wild-type mice (Fig. 4d,e) . Transgenic mice exhibited decreases in plasma membranebound GLUT4 in skeletal muscle (by 69±11%; n=5, p< 0.05) compared with wild-type mice, despite having no difference in the total fraction of GLUT4 (Fig. 4f) . The expression of G6pase and Pepck was increased by 54±17% and 41±9%, respectively, in the liver of transgenic mice (n= 5, p<0.05 for both). The area of islets in the pancreas was greater in transgenic than in wild-type mice (Fig. 4g,h,i) . To further investigate the role of intracellular pH in the phosphorylation of insulin receptor β, the mouse skeletal muscle cell line C2C12 and human hepatocyte cell line HepG2 were exposed to extracellular acidification and amiloride. Administration of amiloride and the decrease in extracellular pH impaired insulin-dependent (1×10 −4 mol/ l insulin for 15 min) phosphorylation of insulin receptor β in a concentration-dependent manner in both kinds of cells (Fig. 4j,k) . We also examined the effect of pretreatment with EGTA-AM at 1×10 −6 mol/l for 30 min on phosphorylation of insulin receptor β and found that phosphorylation was not prevented.
Molecular mechanisms for the decrease in IRS-1 protein To investigate the molecular mechanisms for the decrease in IRS-1 protein in skeletal muscle, we examined the effect of CF6 on IRS-1 in the mouse skeletal muscle cell line C2C12. It is known that increased PDK-1 activity induces phosphorylation of Ser 307 on IRS-1 and results in its dissociation from the insulin receptor, triggering proteasome-dependent degradation [23, 24] .
On the other hand, increased ribosomal protein S6 kinase activity previously resulted in enhanced IRS-1 phosphorylation on amino acid residues Ser 636/639 and Ser 1101 [23, 25, 26] , leading to a reduction of IRS-1 levels [27] . The protein kinase, mammalian target of rapamycin (mTOR), leads to phosphorylation and activation of S6 kinase [23, 24] , and activation of the function of tuberous sclerosis complex (TSC)1 and TSC2, which are upstream inhibitors of the mTOR pathway [28] . We therefore postulated that the increased PDK-1 or S6 kinase activity is responsible for reduced IRS-1 expression in skeletal muscle. CF6 activated tyrosine kinase c-Src by generation of reactive oxygen species (ROS) (Fig. 5a ) and led to tyrosine phosphorylation of PDK-1 (Fig. 5b) p<0.05 by two-way ANOVA. e Hepatic glucose release; n=4; *p<0.05 vs portal. IVC, inferior vena cava. f Effect of intraperitoneal administration of amiloride (50 mg/kg for 2 days, vertical arrows) on plasma glucose; n=4; *p<0.05 vs day 0. g Effect of intraperitoneal administration of anti-CF6 antibody (113 μg/kg for three consecutive days, vertical arrows) on plasma glucose; n=4; *p<0.05 vs day 0 at Ser 307 at 30 min (Fig. 5c ) and degradation of IRS-1 at 24 h (Fig. 5d) . Another pathway for phosphorylation of Ser 307 on IRS-1, namely TSC1/2-mTOR-S6 kinase, was not affected by CF6 (data not shown). Overall, the reduction of IRS-1 seems to be dependent on activation of PDK-1 via ROS generation.
Discussion
The major findings of this study were as follows. Chronic stimulation of the ecto-F 1 F o complex by CF6 overproduction elicited a sustained decrease in intracellular pH in tissues expressing the receptor of CF6, the β-subunit of ecto-F 1 F o complex, i.e. in aorta, kidney, skeletal muscle and liver, but not adipose tissue. Transgenic mice manifested salt-sensitive hypertension with RAC1 activation in the kidney and insulin resistance with impaired tyrosine phosphorylation of insulin receptor. Extracellular acidification and administration of amiloride increased RAC1-GTP in the mouse kidney and impaired insulin-dependent phosphorylation of insulin receptor β in skeletal myocytes and hepatocytes.
First, to investigate whether long-term stimulation of the ecto-F 1 F o complex elicits a sustained decrease in intracel- h Beta cell area and (i) the size of each islet in mouse groups; n=6. ai *p<0.05 vs wild-type. j Effects of extracellular acidification and amiloride at 1×10 −3 and 1×10 −4 mol/l on phospho-insulin receptor β (Tyr1150/1151) in C2C12 and (k) HepG2 cells; n=5; *p<0.05 vs pH 7.4. epH, extracellular pH lular pH, we generated transgenic mice that overexpressed its endogenous activator CF6. We had previously shown that CF6 is first generated as an immature form (1-108 amino acids) in the cytoplasm and released outside the cells as a mature form (33-108 amino acids) after enzymatic deletion of the signal peptide (1-32 amino acids) [20, 29] . We further showed that CF6 attenuates prostacyclin generation by inhibiting cytosolic phospholipase A 2 [30] and nitric oxide generation via upregulation of asymmetric dimethylarginine or inhibition of endothelial nitric oxide synthase phosphorylation [31, 32] . CF6 also elevates arterial blood pressure and enhances angiotensin IIinduced vasoconstriction in resistance arterioles [21, 33] . In transgenic mice, intracellular pH measured by 31 P-MRS was reduced in skeletal muscle and liver, a finding consistent with the distribution of the receptor of CF6, the β-subunit of the ecto-F 1 F o complex. Interestingly, chronic stimulation of the ecto-F 1 F o complex by CF6 overproduction elicited a sustained decrease in intracellular pH, despite the fact that the proton-extruding transporter might act to prevent excess acidification. The pH value decrease in transgenic mice ranged from 0.1 to 0.15 pH units in skeletal muscle and liver, and proton uptake was increased in the aorta, kidney, skeletal muscle and liver. Overall we confirmed that this mouse maintains the sustained decrease in intracellular pH in tissues expressing the receptor of CF6.
We next analysed the phenotype of transgenic compared wild-type mice with regard to arterial blood pressure. A high-salt diet increased systolic and diastolic blood pressure in transgenic mice, and this salt-induced hypertension was improved by administration of an anti-CF6 antibody. Since RAC1 was recently identified as a determinant molecule for salt-sensitive hypertension via activation of mineralocorticoid receptor [22] , we investigated a possible involvement of RAC1 activation in the genesis of salt-sensitive hypertension in transgenic mice. Pull-down assays clearly showed that transgenic mice had more active GTPases in the kidney than wild-type mice, while RAC1-GTP was increased by extracellular acidosis and amiloride administration. Thus, overabundance of CF6 might activate RAC1 by intracellular acidosis and lead to salt-sensitive hypertension. In clinical settings, the intracellular pH of erythrocytes measured by 31 hypertensive compared with normotensive patients [34] . Moreover, a proton-extruder Na + /H + exchanger is increased in hypertension and serum ionised calcium is elevated in intracellular acidosis in clinical hypertension [35, 36] .
To further investigate the role of activation of the ecto-F 1 F o complex in glucose catabolism, transgenic mice were fed a high-sucrose diet for 8 weeks. During the highsucrose diet, the plasma glucose concentration was higher in transgenic than in wild-type mice, and levels of plasma glucose and insulin after a 12 h fast were increased in the former versus the latter, suggesting that transgenic mice developed insulin resistance. This was also confirmed by a glucose tolerance test and hepatic glucose release. We further showed that intraperitoneal administration of amiloride exacerbated the plasma glucose level, whereas administration of an anti-CF6 antibody ameliorated it. Thus, in addition to salt-sensitive hypertension, the small decrease of 0.1-0.15 pH units seems to cause insulin resistance in mice.
We also investigated the molecular mechanism for the genesis of insulin resistance by evaluating proteins related to insulin signalling. Consistent with the distribution of CF6 receptor ecto-F 1 F o complex, phospho-insulin receptor β (Tyr1150/1151) was decreased in skeletal muscle and liver of transgenic mice, while its downstream of IRS-1, IRS-2 and PI3K activity, as well as the ratio of phosphoAkt1 to total Akt1 were attenuated. These changes may result in a decrease of plasma membrane-bound GLUT4, and increased expression of G6pase and Pepck. Although CF6 production is ubiquitous, the tissue-specific effects observed by us depend on levels its receptor. In our in vitro assay, extracellular acidosis and amiloride impaired insulindependent phosphorylation of insulin receptor β in the mouse skeletal muscle cell line C2C12 and human hepatocyte cell line HepG2. Therefore, like RAC1 activation in the kidney, intracellular acidosis seems to play an important role in the genesis of insulin resistance via overexpression of CF6. Additionally, the decrease in IRS-1 protein in skeletal muscle seems to be dependent on activation of PDK-1 via ROS generation in cultured C2C12 cells.
It has been demonstrated that metabolic acidosis produces insulin resistance in healthy humans, whereas treatment of metabolic acidosis increases insulin sensitivity and insulin secretion in patients with uraemia [37, 38] . Many recent epidemiological studies have also linked metabolic acidosis indicators to insulin resistance and systemic hypertension [38] . To our knowledge, this is the first report that chronic stimulation of the ecto-F 1 F o complex by CF6 overexpression elicits a sustained decrease in intracellular pH in tissues expressing the receptor of CF6 in mice. In addition, tissue acidosis appeared to induce insulin resistance and hypertension. As shown in Fig. 5e , protons regulate cellular function by modulating the charge and structure of macromolecules, such as phosphorylation of RAC1 and dephosphorylation of insulin receptor, and also explain the activation of cSrc and p38 mitogen-activated protein kinase, the other signalling pathways of CF6 [21, 32] . In clinical settings, we and others previously showed that circulating CF6 is elevated in patients with hypertension, acute myocardial infarction, end-stage renal disease, stroke and diabetes [13, 14, [16] [17] [18] , all of which predispose to the development of atherosclerosis. Given the present finding and the widespread biological actions of CF6, such as inhibition of prostacyclin and nitric oxide [21, [30] [31] [32] [33] , the reduction of CF6 levels may be an important and useful way to prevent cardiovascular events. To date, we have reported that salt restriction, vitamin C and vitamin B 12 plus folic acid lowered plasma levels of CF6 in patients with hypertension and stroke [13, 17] , and that peroxisome proliferator-activated receptor γ ligand attenuated CF6 release from cultured vascular endothelial cells [39] . The present findings provide new insights into our understanding of the pivotal role of CF6 in the mechanisms underlying hypertension and diabetes in connection with tissue acidosis; they also shed light on a novel potential therapeutic target in vascular medicine.
